Nitrogen-vacancy (NV) center in diamond was found to be a powerful tool for various sensing applications. The main "work horse" of this center so far has been optically detected electron resonance. Utilization of the nuclear spin has the potential of significantly improving sensitivity in rotation and magnetic field sensors. Ensemble-based sensors consume quite a bit of power, thus requiring an understanding of temperature-related shifts. In this article, we provide a detailed study of the temperature shift of the hyperfine components of the NV center.
Nitrogen-vacancy (NV) center in diamond was found to be a powerful tool for various sensing applications. The main "work horse" of this center so far has been optically detected electron resonance. Utilization of the nuclear spin has the potential of significantly improving sensitivity in rotation and magnetic field sensors. Ensemble-based sensors consume quite a bit of power, thus requiring an understanding of temperature-related shifts. In this article, we provide a detailed study of the temperature shift of the hyperfine components of the NV center.
The use of nitrogen-vacancy (NV) color center in diamond has a number of important applications in bioimaging, sensing, and bio-sensing [1] [2] [3] [4] [5] [6] . It also allows long-lasting (more than one second) roomtemperature, quantum memory [7] . Nuclear spin plays an important role in many of these applications; as an example, the long-lasting quantum memory utilizes nuclear spin (since it could be robust against spin bath noise) and is very weakly modified in optical transitions [8, 9] . Nuclear spin's storage properties enhance sensor sensitivity [10] , and nuclear spin could be used as a direct sensing element, for example, for rotation sensing [11, 12] . Its applications range from enhancing magnetic resonance imaging sensitivity in nanodiamond-based, biocompatible sensors via dynamical nuclear polarization [3, 13, 14] to nonvolatile quantum memory [15] or room temperature quantum registers [7, 8, 16] . While the most impressive experimental results were achieved with 13 C nuclear spin in isotopically pure diamond, nitrogen-related spin also has great potential for ensemble-based measurements since it has a definite location within the NV color center. In particular, rotation sensors benefit from this advantage [11, 12] .
Sensing applications require a deep understanding of the systematic shift of spin-related energy levels.
This is important in both estimating systematics and realization of sensors, i.e., for spin initialization, manipulation, and readout [9, 11, 12, 17] . Practical, ensemble-based sensors typically use very high optical pumping powers [18, 19] to get high signal-to-noise ratio, leading to considerable heating of the diamond.
Thus, if not compensated, temperature shifts may cause failure of the spin manipulation and overall sensor confusion. While the diamond temperature could be monitored with the same NV center [20] [21] [22] using temperature dependence of the optically detected magnetic resonance (ODMR) [20, 23, 24] , feedback on the nuclear spin resonance requires an understanding of behavior of the nuclear-spin-related levels with the temperature.
In this paper, we experimentally investigate a temperature shift of nitrogen ( 14 N) related spin in NV color center in diamond.
Measurement of nuclear spin sensitivity to temperature was done via detection of ODMR in an ensemble of NV centers (see Figure 1A ). In the presence of the nitrogen nuclear spin ODMR resonance with defined To detect the position of the nuclear and electron resonances, we applied a pulsed sequence, illustrated in Figure 1C ,D. The main cycle of the sequence is similar to the nuclear recursive polarization sequence [9, 17] . The NV center first was prepared by a green optical pump in the ground state in a 0 s m = manifold and then was transferred into a 1 s m =− manifold using the MW  pulse (see Figure 1C ). Then, RF pulse was applied, which, if resonant, mixed hyperfine levels of the 1 s m =− manifold. The RF pulse is followed by an optical pulse that returns most of the population into the 0 s m = manifold, but doesn't much change the nuclear spin population. Then, another microwave  pulse was applied. As a result of such a cycle, part of the population affected by the RF transition will no longer participate in the second MW transition. Thus, when the RF field is resonant with the optical detected magnetic resonance (ODMR), the signal will be suppressed.
To determine the center of the ODMR transition, MW frequency is swept around the transition frequency (see Figure 1D ). This scan was performed for each RF frequency (see Figure 2A ) thus allowing a view of both MW and RF resonance positions at the same time (see Figure 2B ,C). The ODMR resonance position is known to have a ~70 kHz/K spectral shift, which allows one to measure the temperature of the sample [20, 21] . This enables us to calibrate the temperature of the sample for different cooling-down cycle lengths ( Figure 2D ). The idea here is explained as follows. At large optical powers, absorption of the diamond plate due to the presence of color centers could lead to quite significant heating of the plate, determined by both the heat-sink cooling rate of the plate and the optical power that is dissipated into heat within it. In our case, the heating was up to about 60 degrees with continuous-wave (CW) laser excitation. Thus, to vary the temperature of the sample, it was enough to vary the duty cycle of the laser in the sequence that was applied. Calibration of the temperature versus cooling time is demonstrated in Figure 3A . Here, all three ODMR resonances (see Figure 2B) were fitted with the three-Lorentzian fit and the position of the central peak was chosen for Figure 3A . Its shift was converted to a temperature-relative shift using the known value of the NV ODMR temperature shift [20] for each cooling time. Though dependence is not linear, a oneto-one correspondence can easily be established.
Once calibration was achieved, the shift of nuclear transitions with temperature was easy to measure (see Figure 3B ). Here, to calculate the position of the RF resonance, the spectrum of the RF resonance was fitted with a single Lorenzian curve and the center of this curve was taken as the resonance position (see Figure 2C) . Clearly, the shift is linear with the temperature and toward the smaller frequencies. While the magnitude of the shift is not large, it is still quite significant in comparison to the resonance width, which in our case was about 8 kHz. Figure 3. A) The temperature of the sample recalculated from shift of the NV ensemble ODMR position. The shift is calculated with respect to the 2.837 GHz MW frequency. B) Dependence of nuclear resonance transition frequency detuning on temperature change of the diamond. Clearly, a linear dependence is observed. The detuning is calculated with respect to the 7.1028 MHz RF frequency.
The NV center excited state has two allowed NMR transitions (see Figure 4A ). The shifts of the resonance frequency of these two transitions are opposite, as seen in Figure 4B . Still, the magnitudes of the slopes of these two transitions are not exactly the same, thus making it possible to separate the contributions of the shift Q due nuclear spin electric quadrupole moment and the hyperfine structure constant A into the levels shift. The interaction Hamiltonian H for the nuclear spin in NV center is [25] :
Here, z B is external magnetic field, n  -nuclear spin gyromagnetic ratio, z I -nuclear spin, z S -electron spin. Since the electronic spin in the ground state is 0 (see Figure 4A ), the nuclear state splitting in the ground state is independent from A . To the contrary, in the excited state both A and Q contribute to the transition. The hyperfine structure constant contribution to the transition shift must be symmetric with respect to 1 I m = , and, therefore, the asymmetry of the excited state shift may only be due to the quadrupole term. The total RF f  shift for the single RF transition is thus:
Where "+" is for NMR2, and "−" for NMR1 transitions respectively. And from measured values is an electron spin density at 14 N nuclear site. We note that it was speculated that dependence of spin density from distance is exponential [27, 28] Hence, dependence of A on temperature is the following:
Where R is the distance between nitrogen and first near carbon atom and equal to 0.252 nm, within 10% with our experimental result. The remaining discrepancy could be due to the dipole-dipole interaction and thus needs further investigation.
We note that the quadrupole shift is an order of magnitude lower than the hyperfine interaction term. The quadrupole shift is likely due to the change of the electric field gradient seen by the nuclear spin with expansion of the sample [29] . However, to our knowledge, the fraction of p orbitals into the nuclear spin site is low [29] , which might be the reason for the low sensitivity to temperature. 
APPENDIX
Our experimental setup allows for a controlling spin ensemble in bulk diamond at room temperature (see Figure 1A ). For a light source, we used 3 W of 532 nm laser radiation (Laser Quantum Finesse Pure 10 W) focused onto a 0.05 mm spot. The intensity of the laser beam was modulated with an acousto-optical modulator (AOM) able to hold a large optical power (Gooch-Housego, I-M110-2C10B6-3-GH26). As the sample for our research, we used a diamond plate polished perpendicular to 111 crystallographic axis (Velman LLC) with approximately 1 ppm of NV centers [30] . The NV centers' fluorescence was collected with a parabolic concentrator (Edmund optics), similar to [2, 31, 32] . A constant magnetic field was formed by a permanent magnet and applied along the 111 crystallographic axis.
The microwave (MW) field was formed by an antenna composed of two, 5-mm-diameter coaxial loops made out of 1 mm copper wire and separated by 6 mm with diamond sample in between [33] . These loops were terminated with parallel copper plates that formed a capacitor. This assembly forms an LC resonator, the resonance frequency of which could be tuned to the desired frequency of the NV center ODMR transition. In our experiments, this was excited with a weekly capacitive-coupled feed line. A RohdeSchwarz SMA100A signal generator was the source of the MW signal and was modulated by switch (Minicircuits ZASWA-2-50-DR+) and then amplified using a Minicircuits ZHL-16W-43X+ amplifier.
The antenna was fed through the circulator to avoid back reflections. A Stanford Research signal generator SG384 was the source of radio frequency (RF) signal. The signal was amplified with a VectaWave VBA100-30 amplifier. The amplifier was directly connected to the antenna, which was formed by 2 x 10 loops of 1 mm copper wire and terminated with a 50-ohm power terminator. Typical Rabi frequencies achieved in such a system for electron and nuclear spin were 2 MHz and 10 kHz, respectively.
